A titanium-base nano-coating Sb-doped SnO 2 electrode with a nano-scaled sphere-stacking structure was successfully fabricated using a solvothermal synthesis approach to enhance electrochemical performance through the formation of a nano-sized catalyst layer. Based on scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis, the nano-coated SnO 2 -Sb electrode had very small (23 nm) catalyst grains that had a stacked sphere appearance, and thus a much greater specific surface area than the control electrode (SnO 2 -Sb prepared by a dip-coating method, 106 nm grain size). X-ray photoelectron spectroscopy (XPS) analysis showed that the nano-coated electrode possessed a higher concentration of oxygen vacancies, which provided many more active centers for the formation of adsorbed Oxygen (Oads), which increased the production of •OH radicals and therefore the catalytic activity of organic pollutant degradation. Linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) showed that the electrode with a nano-structure coating had a higher oxygen evolution potential (2.1 V, vs. Ag/AgCl) and smaller charge transfer resistance (49 ) than the control (1.95 V and 93 ). A kinetic analysis of the electrochemical degradation of phenol showed that the first-order kinetic rate constant for the nano-coated electrode was 1.72 times higher than the control. Accelerated service life testing showed that the stability of this novel fabricated electrode was 15 h, which was nearly 11 times longer than that of non-nano Advanced oxidation processes (AOPs) are being investigated as methods to degrade or increase the biodegradability of dissolved organic pollutants that are resistant to biological degradation. These AOPs are used to generate hydroxyl radicals (•OH), which are strong oxidizing agents of the organic matter.
Advanced oxidation processes (AOPs) are being investigated as methods to degrade or increase the biodegradability of dissolved organic pollutants that are resistant to biological degradation. These AOPs are used to generate hydroxyl radicals (•OH), which are strong oxidizing agents of the organic matter. [1] [2] [3] Among different types of AOPs, the most common one is the electrocatalytic (EC) or anodic (AO) oxidation process, due to its advantages of high effectiveness, fast reaction rates, easy implementation, and environmental compatibility. [4] [5] [6] [7] [8] In the EC process, pollutants are oxidized by direct charge transfer at the surface of the anode, or by indirect oxidation via production of intermediates of the oxygen evolution reaction such as hydroxyl radicals. 9, 10 The most important factor in the extent of organic compounds mineralization by EC is the anode material, as its chemical and physical nature strongly influences the selectivity and efficiency of the process. 11, 12 Certain types of anodes are better for partial or selective oxidation of pollutants (i.e., electrochemical conversion), while others are more useful for complete oxidation to CO 2 (i.e., electrochemical incineration, ECI). [13] [14] [15] For this reason, numerous anodic materials have been examined, including Pt, graphite, boron-doped diamond (BDD), and dimensionally stable anodes (DSA) that consist of Ti-based metal coated oxides such as IrO 2 , RuO 2 , PbO 2 and Sb-SnO 2 . 16, 17 Among these different materials, those are made of, or contain, Sb-doped SnO 2 are considered to be superior for the ECI process due to their low cost, easy preparation, high oxygen evolution potential, and efficiency for the removal of organic contaminants. [18] [19] [20] [21] [22] Increasing the he specific surface area of the metallic oxide in the Sb-SnO 2 coating can improve performance. Therefore, development of a higher specific area coating at the nanoscale should provide more active sites for the electrocatalysis oxidation reaction, and enhance electrocatalytic activities. [23] [24] [25] The grain size of a catalytic coating depends on the preparation method of the electrode. A number of methods have been used for the synthesis of nano-sized metallic oxides, including sol-gel processes, 26 electrodeposition, 27 plasma chemical vapor deposition (PCVD), 28 and magnetron sputtering.
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The sol-gel process is one of the most widely used methods, but it uses a coating procedure that must be repeated several times, and thus z E-mail: yujief@hit.edu.cn; bel3@engr.psu.edu electrode fabrication requires a long time in order to obtain a seeding layer with good coverage. Other methods, like PCVD and sputtering processes, require sophisticated equipment that may not be widely accessible, or that are too difficult to use for large-scale production of electrodes. Solvothermal synthesis is an alternative approach to produce a nanoparticle layer on different substrates, and it is simple and more environmentally friendly procedure than other methods. For solvothermal synthesis, the nano-scaled metal oxide layer can be formed in situ under certain temperatures and pressures provided by the hydrothermal environment, and it can easily be used for large-scale synthesis of uniform and continuous catalytic layers on the electrode substrate. [30] [31] [32] In the present work, a sphere-stacking nano-structure SnO 2 -Sb electrode was fabricated using an in situ solvothermal synthesis method, and the mechanism of enhanced electrochemical performance was examined using different electrochemical techniques. The optimal preparation condition was determined by a series of chemical (phenol) degradation tests and by using XRD analysis. The key factors impacting the performance of the nano-structured electrode were determined by comparing its performance to a control SnO 2 -Sb electrode that was prepared by a dip coating method, and therefore the control lacked nano-sized particles.
Materials and Methods
Preparation of Ti-based Sb-doped SnO 2 electrode.-Ti foils (0.5 mm thick, 99.6% purity) were mechanically polished and rinsed with distilled water in an ultrasonic cleaner several times, and degreased with acetone. They were then etched in 10% oxalic acid at 98
• C for 2 h, and rinsed thoroughly with deionized water. The precursor solution was freshly prepared by dissolving SnCl 4 · 5H 2 O and SbCl 3 in a mixture of ethanol and concentrated hydrochloric acid, with a Sn:Sb molar ratio of 10:1. The precursor solution concentration was varied from 0.05 mol L -1 to 0.5 mol L -1 of Sn. The treated Ti substrate was fixed with a Teflon holder, placed vertically in a Teflon-lined stainless steel autoclave, and the solvothermal reaction was conducted in the autoclave (with the reactor sealed in the end) at 180
• C for 6 h∼14 h with mixing using a magnetic stir bar. The solution was then drained and the resulting Ti substrate was rinsed E209 carefully with deionized water. The electrode was air-dried and crystallized by annealing in an air atmosphere in an oven, at temperatures ranging from 400
• C to 600
• C, for times ranging from 0.5 h to 3 h. For comparison, Sb-doped SnO 2 electrode (control, no nanocoating) was prepared by the dip-coating method. 11 The pretreated Ti sheet was placed in 100 mL of isopropanol solution containing 17.5 g SnCl 4 · 5H 2 O, 0.87 g Sb 2 O 3 and 3 mL of concentrated (37%) HCl for 30 s, dried at 90
• C for 15 min, and then baked at 500
• C for 10 min. This procedure was repeated 15 times, and then the electrode was annealed in a muffle oven under air flow for 1 h at a temperature of 600
• C.
Characterization of electrodes.-The surface morphologies of the electrodes were analyzed using a field-emission scanning electron microscopy (SEM, S-4700, Hitachi Ltd, Japan). The crystal structure of the electrode was analyzed by X-ray diffraction (XRD, D8 AD-VANCE, Germany) with Cu K α radiation (0.154 nm). The crystal size of SnO 2 -Sb particles was calculated according to Scherrer formula: D = Kλ/(βcosθ), where D is the crystallite size, K is the Scherrer constant (0.89), λ is the wavelength of incident ray, β is the full width at half maximum of the peak, and θ is the position of plane peak. 33 The chemical states of the elements on the surface of the coating were studied using X-ray photoelectron spectroscopy (XPS, PHI 5700 ESCA System, America) with Al K α radiation (hυ = 1486.6 eV). The percentages of different species in the samples were calculated based on XPS intensities and sensitivities (XPSPAKE41). The loading amounts of SnO 2 -Sb electrodes prepared by different methods were measured by weighing the electrode substrate before and after the SnO 2 -Sb deposition process using a balance. Generation of hydroxyl radicals.-Hydroxyl radicals (•OH) produced by the SnO 2 electrodes were determined by terephthalic acid trapping and fluorescence spectroscopy (FP-6500 spectrofluorometry, Jasco Co.). The electrolyte (Na 2 SO 4 , 0.25 mol L -1 ) contained 0.5 mmol L -1 of terephthalic acid, and was tested at a current density of 10 mA cm -2 . Samples (1 mL) were withdrawn from the electrochemical test chamber, diluted 50 times, and examined for fluorescence using an excitation wavelength of 315 nm and detection wavelength of 425 nm.
Electrochemical oxidation of phenol.-Phenol was chosen as the degradation probe to determine the catalytic performance of the electrodes for treatment of aromatic compounds in wastewaters. Electrochemical phenol degradation experiments were carried out in a beaker reactor with a magnetic stirrer to enhance mass transfer. The working anode had an area of 2 × 2 cm 2 , a stainless steel with the same dimension as the cathode, and the gap between the electrodes was set as 1 cm. An 80 mL sample of 100 mg L -1 phenol was tested in a 0.25 mol L -1 Na 2 SO 4 electrolyte at a current density of 10 mA cm -2 . Phenol concentrations were using the 4-aminoantipyrine direct spectrophotometric method with UV-Vis spectrophotometer (TU-1810, PERSEE, China). The logarithmic relationship of phenol concentration with electrolysis time was fitted to the pseudo-first-order kinetics model: ln (C 0 /C t ) = -kt, where C 0 is the initial concentration of phenol, C t is the phenol's concentration at given time t, and k is the kinetic constant.
Service life test.-A service life test was used to measure the stability of the electrodes. The accelerated service life tests with the Sb-doped SnO 2 electrodes were performed in 0.5 mol L -1 H 2 SO 4 solution under galvanostatic control at a current density of 100 mA cm -2 . The cell voltage was examined over time, with the service life defined as the time until the rapid increase in voltage as shown by the inflection point in the voltage curve.
Results and Discussion
Optimized conditions for the Sb-doped SnO 2 electrode prepared by the solvothermal method.-In a solvothermal synthesis process, the precursor solution concentration and solvothermal reaction time were the determinants of performance, as they were the variables impacting the formation of a uniform and compact catalytic layer. Therefore, the impacts of these two variables were examined based on their impact of phenol degradation rates. Based on the rates of phenol degradation at different precursor solution concentrations (Figure 1a) , an optimal concentration of 0.1 mol L -1 was selected for further experiments, based on a maximum of 86.6 ± 4.3% of phenol degraded after 2 h. Variation in the solvothermal reaction times (Figure 1b) showed that the removal efficiency for SnO 2 -Sb firstly increased and then decreased with the reaction time in the range of 6 h to 14 h. The fastest removal was obtained for a solvothermal reaction time of 12 h, with the highest removal of 86.6 ± 4.3%.
The annealing temperatures and times had significant impacts on the electrocatalytic activity of the SnO 2 -Sb electrode for phenol removal (Figures 1c and 1d) . The SnO 2 -Sb electrode with the heattreatment conditions of 500
• C and 1 h possessed the best electrocatalytic performance (86.6 ± 4.3% within 2 h).
To further explore the effect of preparation parameters, the crystal structure of the SnO 2 -Sb electrode was investigated by the XRD patterns ( Figure 2 ). The peak intensity of (110) plane for the SnO 2 was enhanced with the increase in precursor solution concentration from 0.05 mol L -1 to 0.1 mol L -1 (Figure 2a) , which showed that elevating concentration produced more useful crystals of SnO 2 on the substrate. However, the reflection intensity of the Ti peaks was increased when the concentration increased from 0.1 mol L -1 to 0.5 mol L -1 , demonstrating that the substrate was not evenly covered by the SnO 2 particles, which resulted in clumping if the film that formed was too thick due to very rapid formation of the film at a high precursor solution concentration. The results showed that the precursor solution concentration had significant influence on the crystallization of the SnO 2 and the coverage degree for the Ti substrate, and then on the electrocatalytic performance of the electrode.
The reflection intensity of the (110) peak for SnO 2 increased as the solvothermal reaction time was increased from 6 h to 12 h, but it did not further change when the reaction time was increased to 14 h (Figure 2b ). This change peak intensity showed that increasing the reaction time was conducive to obtaining better crystals of SnO 2 , but that very long times (>12 h) had little effect on the crystallization. In addition, the grain size of SnO 2 -Sb electrode increased with the reaction time from 12 h (23 ± 1.1 nm) to 14 h (31 ± 1.5 nm). The smaller particle sizes increased the specific surface area, and thus provided more active sites. Due to the increased area, the SnO 2 -Sb electrode prepared for 12 h had higher electrocatalytic efficiency.
The reflection intensity of the (110) peak increased with the annealing temperature in the range of 400
• C∼500
• C, and then did not further change with higher temperatures (from 500
• C to 600 • C) (Figure 2c) . The results indicated that the higher yield of nucleation and more complete growth of crystalline grain were obtained at 500
• C, and further increasing temperature had little influence upon the crystalline forms after the complete growth of crystalline grain. In addition, the crystallite size become larger when the annealing temperature above 500
• C (Table I) . At 500
• C, the best catalyst layer was obtained with an annealing time of 1 h, as this produced a better crystalline grains (compared to 0.5 h) and a smaller sizes (compared to 3 h) ( Figure 2d and Table I ). These outcomes suggested that annealing temperature and time affected not only crystallization but also the grain size. When the growth of crystalline grain tended to be complete, the electrode with smaller grain size could provide higher electrocatalytic oxidation efficiency, and thus the optimal annealing conditions were selected as 500
• C for 1 h.
Comparison of the sno 2 -Sb electrodes prepared by solvothermal and dip-coating methods.-The SnO 2 -Sb electrode prepared by the dip-coating method was compared to the electrode prepared using the solvothermal method with the optimal conditions of 0.1 mol L -1 precursor solution concentration, 12 h solvothermal reaction time, and 500
• C for 1 h annealing. After 2 h of treatment, phenol removal using the solvothermal SnO 2 -Sb electrode was 86.6 ± 4.3%, whereas, the one by using dip-coating method was only 68.5 ± 3.4% (Figure 3a) , which was similar to previous results using the dip-coating method. 12 The kinetic rate constants for phenol degradation was 16. 1.72 times that obtained using the dip-coating method electrode (9.5 × 10 -3 min −1 ) (Figure 3b ). The result showed that preparation of the SnO 2 -Sb electrode using the solvothermal method promoted better electrocatalytic efficiencies than the electrode made using the dip-coating method.
Electrode stability.-The SnO 2 -Sb electrodes prepared by the solvothermal method had a much greater service life than the electrodes prepared using the dip-coating method (Figure 4) . Initially, the potentials of the both SnO 2 -Sb electrodes increased slowly. However, the potential of dip-coated electrode showed a sharp rise in voltage after only 1.4 h, indicating deactivation of electrode catalyst. In contrast, the SnO 2 -Sb electrode prepared by solvothermal synthesis did not show a rapid increase in voltage for 15 h, indicating a service life that was 11 times longer than dip-coated SnO 2 -Sb electrode.
Characterization analysis of the electrodes.-The load capacity on the electrode surface was strongly affected by the preparation method. The loading for SnO 2 -Sb on the electrode from solvethermal method was 2.05 ± 0.02 mg cm −2 , which was higher than that on the electrode from dip-coating (1.87 ± 0.03 mg cm −2 ). A high loading amount was beneficial to improve the electrocatalytic activity duo to there were more catalyst particle to attack the organic contaminant. The SnO 2 -Sb electrode fabricated by solvothermal synthesis method had a morphology of nano-scaled, sphere-stacking clusters (Figure 5a ). In contrast, the dip-coated SnO 2 -Sb electrode had a surface that showed a typical cracked surface structure (Figure 5b) . The average crystal size of Sb-doped SnO 2 particles on the electrode adopted solvothermal synthesis was 23 ± 1.1 nm, which was much smaller than that of the dip-coated electrode (106 ± 5.3 nm). In addition, solvothermal synthesis method provided a better coverage on the Ti substrate, as shown by a much less intense Ti peaks (2θ = 39.71
• , 52.61
• and 70.41
• ) in the XRD patterns of the solvothermal electrode than that of the dip-coated electrode ( Figure 6 ).
Thus, the two different preparation methods produced remarkably different catalyst structures. The sphere-stacking structures obtained here also had a distinct difference with that obtained by others using the Electrochemical analysis of the sno 2 -Sb electrodes.-The two SnO 2 -Sb electrodes fabricated by different methods had a wide potential window from 0 V to 2 V, which provided a high oxygen evolution potential of around 2 V (vs. Ag/AgCl) ( Figure 7 ). The SnO 2 -Sb electrode prepared by solvothermal synthesis method had a higher oxygen evolution potential (2.1 V vs. Ag/AgCl), as expected based on its greater efficiency for phenol degradation. The oxygen evolution potential also influences the stability of the electrode duo to the deactivation would take place by the reaction of the Ti substrate with O 2− ions from the reaction:
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A high oxygen evolution potential would result in a reduced side reaction of oxygen formation, which not only benefits organic pollutants degradation efficiency but also the service life of the electrode.
The electrochemical activity of the two SnO 2 -Sb electrodes was further evaluated using EIS (Figure 8 ). The charge transfer resistance (Table II) for the solvothermal electrode was only 49 compared to 93 for the dip-coated electrode, due to the nanocoating structure and more efficient sphere-stacking clusters which provided more effective electron percolation pathways for charge transfer between interfaces of electrode and solution.
Possible mechanism of performance enhancement.-XPS analysis of the composition of the electrode surfaces indicated the increase in the adsorbed oxygen containing species would aid the generation hydroxyl radicals (•OH). (Figure 9 ). The Sn 3d binding energies for the two samples were around at 486.62 eV (Figure 9a ), in agreement with the standard values for Sn 4+ (486.65 eV), indicating that different morphologies did not change the valence state of Sn. The mixed spectra (Sb3d5/2 plus O1s) were fitted due to overlap in their spectra. The banding energy of Sb3d5/2 was around 530.91 eV for the two samples (Figures 9b and 9c) , which was consistent with those reported in the literature for Sb 5+ . 35 The broadened O1s spectra were fitted into two peaks for both electrodes. The first peak at a low binding energy represented lattice oxygen (O lat ) which was incorporated into the SnO 2 crystal lattice. The second peak at a high binding energy was assigned to adsorbed oxygen containing species (O ads ), which would indicate adsorbed O 2 and/or weekly bonded oxygen species (e.g. hydroxyl group). The O ads can be oxidized to hydroxyl radical (•OH), which would be effective in oxidation of organic matter, and thus this species plays an important role in the electrocatalysis oxidation process. 36 The percentage of O ads contents on solvothermal electrode surface was 14.6%, which was higher than that of the dip-coated electrode (8.4%). The increased O ads content was due to the high atomic concentration in the electrode's surface layer with nanometer catalyst particles, which was shown by SEM analysis ( Figure 5 ).
The larger O ads content indicated a higher concentration of oxygen vacancies was obtained on the solvothermal coated surface, which would have provided more positive charge for adsorbing hydroxyl group to form more •OH. It was therefore no surprise that the •OH generation ratio of SnO 2 -Sb electrode with nano-size layer was higher than that of the one without nanocoating, as shown in Figure 9d .
Conclusions
A solvothermal synthesis method was successfully used to produce a SnO 2 -Sb electrode that had superior electrochemical properties to an electrode prepared using a dip-coating methods. The optimal preparation conditions were 0.1 mol L -1 precursor solution concentration with synthesis time of 12 h and annealing condition of 500
• C for 1 h based on phenol degradation rates. The SnO 2 -Sb electrode with nanocoating had a kinetic rate constant for electrochemical phenol degradation that was 1.72 times that obtained for the SnO 2 -Sb electrode prepared by dip coating. The service life of the nanocoated SnO 2 -Sb electrode was 11 times longer than that of the dip-coated SnO 2 -Sb electrode. SEM images showed that the SnO 2 -Sb electrode prepared by solvothermal synthesis approach had a sphere-stacked, catalyst cluster structure due to the preparation conditions. Compared with the dip-coated SnO 2 -Sb electrode, the solvothermal synthesized electrode had much smaller grain sizes and a higher concentration of oxygen vacancy sites based on the XRD and XPS analyses. This high concentration of oxygen vacancy sites provided more •OH, and therefore a higher oxygen evolution potential with 2.1 V (vs. Ag/AgCl), and a lower charge transfer resistance of 49 , which all resulted in faster phenol degradation rates in the electrocatalytic process.
